The 25-30-protein (> 1 MDa) Mediator complex has an essential involvement in regulation of transcription initiation across eukaryotes-it influences preinitiation complex (PIC) formation and stimulates phosphorylation of the RNA polymerase II (RNAPII) carboxy-terminal domain (CTD) by transcription factor IIH (TFIIH), and it interacts with activators and repressors to convey regulatory information to the basal transcription machinery 1, 2 . The minimal catalytic activity of Mediator (it includes a single kinase), similarity among low-resolution electron microscopy (EM) structures of Mediators from various organisms [3] [4] [5] , and reports of Mediator rearrangements upon interaction with activators, repressors or RNAPII [6] [7] [8] , suggest that understanding Mediator structure, conformational dynamics, and interactions will be essential to discern its mechanism.
. The minimal catalytic activity of Mediator (it includes a single kinase), similarity among low-resolution electron microscopy (EM) structures of Mediators from various organisms [3] [4] [5] , and reports of Mediator rearrangements upon interaction with activators, repressors or RNAPII [6] [7] [8] , suggest that understanding Mediator structure, conformational dynamics, and interactions will be essential to discern its mechanism.
We previously provided a molecular description of the Saccharomyces cerevisiae Mediator (ScMED) by defining boundaries between conserved head, middle, tail and CDK8 modules, and localizing all 25 Mediator subunits in low-resolution cryo-electron microscopy (cryo-EM) maps 8, 9 (Extended Data Fig. 1a ). The modular organizations of the S. pombe and human Mediators were found to be homologous to that of ScMED 8, 10 , and even subunit interactions within modules appear to be conserved from yeast to humans 8 . Portions of the Mediator structure, notably the seven-subunit head module, have been characterized at high resolution by X-ray crystallography [11] [12] [13] [14] [15] . However, a detailed molecular understanding of the entire Mediator complex and its interaction with RNAPII has remained elusive. Crucial details of the Mediator-RNAPII interaction were revealed by an approximately 10 Å resolution map of a core of recombinant Mediator subunits interacting with a minimal PIC 16 . Extrapolation from this structure by matching to low-resolution cryo-EM maps of the entire Mediator complex 8 and a human PIC 17 suggested how interaction with Mediator could stabilize dynamic portions of the PIC.
Here we present a near-atomic resolution (4.4 Å) cryo-EM map of S. pombe Mediator (SpMED) and a corresponding atomic model including all subunits (complete head and middle modules (minus Med1), and Med14 subunit) essential for viability and basal transcription regulation. The cryo-EM structure provides a detailed description of the complete head module, the previously unresolved middle module, and the Med14 subunit, and their complex interactions. All module and subunit contacts are consistent with published results from crosslinking/mass spectrometry (XL/MS) analyses of yeast and human Mediators 16, 18, 19 . Med14 mediates all interactions between modules, and a unique structure comprising repeating structural motifs allows Med14 to function as a backbone that enables large-scale Mediator rearrangements. We also present a 7.8 Å resolution cryo-EM map of the Mediator-RNAPII holoenzyme. Comparison of the holoenzyme and Mediator structures shows that formation of the holoenzyme is dependent on concerted Mediator rearrangements in which Med14 has an essential role. In the holoenzyme, Mediator establishes several contacts with RNAPII, holding it in a specific orientation. The polymerase conformation remains unchanged after interaction with Mediator, but considering the structure of the yeast PIC suggests that the holoenzyme conformation of Mediator could stabilize dynamic portions of the PIC. We found that the structure of Mediator is geared to enable changes required for RNAPII interaction and PIC stabilization, and that the capacity to access different conformational states is essential for the Mediator mechanism. Table 1b ). The best-resolved portions of the map were the central Med14 subunit and the head module ( Fig. 1c and Extended Data Fig. 2f ). High mobility resulted in blurring of the hook and Med1 (at the top and bottom ends of the middle module, respectively), and of the tail module. Local refinement improved the resolution of the hook to approximately 8 Å (Extended Data Fig. 2g ), but could not improve resolution of Med1 or the tail. Secondary structure elements were visible throughout the SpMED cryo-EM map. Individual subunits could be resolved, and some side-chain densities were apparent in the highest-resolved portions of the map (Med14 and the head module) (Extended Data Fig. 3a-c) . Various α -helices were apparent around the base and main body of the hook, but we could not assign them to specific subunits. An atomic model including all core Mediator subunits could be built based on the Mediator cryo-EM map and published X-ray structures of Mediator subcomplexes (Fig. 1d) .
Head module
We docked the partial crystal structure of the SpMED head module 14 into our cryo-EM map, built a model for subunit Med20 starting from the crystal structure of the ScMED Med20, and built a partial model of a putative portion of Med27 ab initio based on the cryo-EM map ( Fig. 2a and Extended Data Fig. 3d ). Med27, which is conserved in metazoan Mediator 20 , extends the Med18/20 jaw, connecting it to Med17 and the central Med14. The SpMED cryo-EM map also revealed the Med17 N terminus (Med17N) and Med6 C terminus (Med6C), which were missing in all published crystal structures of the head (Extended Data Fig. 3e ). Helical segments at the N termini of both Med17N and Med6C are involved in inter-module connections. The conformation of the SpMED head module is not altered by interaction with other Mediator modules (Extended Data Fig. 3f ).
Middle module
We considered the SpMED cryo-EM map, ScMED middle module subunit localization results 8 , sequence alignment between ScMED and SpMED Med7 subunits (Extended Data Fig. 3g ), published results from XL/MS analysis of ScMED 16, 19 , and a proposed model for organization of the middle module (based on X-ray structures of the Med7 C terminus (Med7C)-Med21 and Med7 N terminus (Med7N)-Med31 complexes, secondary structure predictions, and XL/MS results) 21 to decipher the structure of the middle module (Fig. 2b) . The elongated structure of the middle module, largely composed of α -helical elements, and with a 'knob' formed by Med7N-Med31 and the N termini of Med14 and Med17, is generally similar to the previously proposed model 21 , but differs considerably from it in the conformation and relative orientation of common elements (Extended Data Fig. 3h ). The overall structure of SpMED Med7C-Med21 is very similar to the X-ray structure of ScMED Med7C-Med21 (ref. 15 ), but its conformation is different (Extended Data Fig. 3i) . The overall structures of the SpMED and ScMED middle modules are very similar (Extended Data Fig. 3j ), consistent with considerable sequence homology among their component subunits.
The structure of the SpMED Med7N-Med31 knob is also similar to the published X-ray structure of the ScMED knob 11 (Extended Data Fig. 3k ), but Med7N from S. pombe is roughly 100 residues longer than Med7N from S. cerevisiae (Extended Data Fig. 3g) , and includes additional helices around the base of the SpMED hook. At the bottom end of the middle module, the N-terminal portions of Med4 and Med9 form a four-helix bundle adjacent to Med1. A longer Med4 helix extends upwards and contacts Med14 near the knob (Fig. 2b) . We could not identify density corresponding to the C-terminal portion of Med4, which appears to be disordered (consistent with this, we could not detect a maltose-binding protein tag engineered into the C terminus of ScMED Med4) 8 . The long Med9 α -helix that starts next to Med1 runs parallel to the longer Med4 helix, and both helices overlap with the bottom end of Med7C-Med21. The extended, overlapping Med7C-Med21 and Med4-Med9 helical bundles explain the elongated and rigid structure of the middle module.
Med14
The central Med14 subunit was the best-resolved portion of the SpMED cryo-EM map. We could identify bulky side chains (Extended Data Fig. 3b ) and build ab initio an atomic model including most of the Med14 density (around 90 N-terminal residues and 200 C-terminal residues that interact with Med2 and Med15 in the tail module were not well resolved in the cryo-EM map). Although Med14 has a narrow, elongated structure like the middle module, it lacks the large helical bundles that give the middle module its rigidity. An extended portion near the N terminus forms part of the knob (knob-interaction domain (KID); residues ~ 90-150). The KID is followed by two repeat motifs (RM1 and RM2) in which three α -helices and eight β -sheets are interspersed to form most of Med14 (Fig. 2c, d ). Secondary structure predictions suggest that a slightly larger third copy of the repeating motif might be present in the C-terminal portion of Med14 and interact with the tail module (tail-interaction domain (TID); residues ~ 550-879) ( Fig. 2e and Extended Data Fig. 4a ). Med14 functions as a backbone, spanning more than 200 Å down the centre of Mediator, connecting the head, middle and tail modules, and playing a key role in determining Mediator conformation (described below). Conservation of secondary structure organization between S. pombe and human Med14 subunits (Extended Data Fig. 4b) Fig. 4c-f ).
Mediator module interfaces
Consistent with the crucial importance of Med14 for Mediator function and interaction with RNAPII 18 , almost all Mediator module Article reSeArcH
interactions involve Med14 (Fig. 3a) . Shape complementarity between Med14 and Med17 results in an extended (~ 3,000 Å 2 ) Med14-head interface (Fig. 3b) . Two additional Med14-head contacts, involving Med20 and Med6C (Fig. 3c) , are conserved 8, 19 . The Med14-Med20 contact is crucial for stabilizing the head module. In S. cerevisiae, deletion of Med18 and concomitant loss of Med20 results in increased neck mobility of the head module, and an increased RNAPII interaction 8 . The top portion of Med14 (RM1) forms a complex Med14-middle interface, which involves three middle subunits (Med4, Med9 and Med21) (Fig. 3d) . Further work will be required to understand how the C-terminal (bottom) portion of Med14 (TID) interfaces with Med2-Med15 in the tail.
Three inter-module contacts near the top of the Mediator complex show a distinctive type of domain-swapping in which two portions of a subunit connected by a flexible linker are bound to different modules. The first such contact involves the previously undetected Med17N. From the point at which X-ray models of the head module stop, the Med17N extends to form four short α -helices that interact with the Med7N-Med31 'knob' in the middle module and with the top portion of Med14 (Fig. 3e) . This head-middle connection, detected in XL/MS studies of ScMED 16, 19 , explains the ability of the head and middle modules to associate in the absence of Med14 (ref. 18 ), and appears to be destabilized by deletion of Med31, as evidenced by changes in the position of the head module in 2D class averages of Δ Med31 ScMED 8 . Second, Med6C, also absent in X-ray models of the head module, is seen extending towards Med14 and forming a helix that is nestled near the top of Med14 (Fig. 3c) . Third, the Med14 KID (residues ~ 90-150) extends from the top of Med14 to form three α -helices that sit between the knob of the middle module and the 'hinge' of the Med7C-Med21 helix bundle (Fig. 3e) .
The complexity of this portion of the SpMED structure probably extends to the hook, because deletion of Med19 (which forms the distal end the hook) results not only in loss of hook density, but also in high variability in the position of the middle module 8 . Correspondence between intermodule contacts revealed by the SpMED atomic model and those detected in ScMED XL/MS studies, despite considerable sequence divergence between S. cerevisiae and S. pombe Mediators, suggests that intermodule contacts have a crucial involvement in Mediator organization.
Mediator rearrangement in the holoenzyme
RNAPII and all core Mediator subunits were well-resolved in a 7.8 Å resolution cryo-EM map calculated from images of holoenzyme particles ( Supplementary Information, Fig. 4a and Extended Data Fig. 5a-d ). An atomic model of RNAPII (PDB accession 3H0G) could be directly fitted into the polymerase portion of the holoenzyme map (Extended Data Fig. 5e-h ). Individual Mediator modules were also fitted into the Mediator portion of a holoenzyme map and refined to obtain a holoenzyme atomic model ( Fig. 4a and Supplementary Video 2). The S. pombe holoenzyme shows the same overall structure as seen in an ~ 10 Å resolution cryo-EM map of a recombinant S. cerevisiae core Mediator subcomplex interacting with RNAPII and a minimal set of basal factors (core MED-ITC) 16 , and in a lowresolution cryo-EM map of a S. cerevisiae Mediator-PIC (MED-PIC) 22 (Extended Data Fig. 5i-k) . However, there are differences in detail (Extended Data Fig. 6 ). Most notably, our holoenzyme shows a tight interaction between the four-helix bundle formed by the N termini of Med4 and Med9 in the middle module and the polymerase Rpb1 foot (Supplementary Information and Extended Data Fig. 6d ). It has been reported that deletion of the N-terminal portion of ScMED Med9 (approximately 80 amino acids, probably corresponding to the two short Med9 helices in the Med4-Med9 four-helix bundle that contacts Rpb1) leaves Mediator intact, but results in a marked decrease in PIC assembly and transcriptional activity 23 . Despite several contacts with Mediator, the conformation of RNAPII is not altered in the holoenzyme. Instead, holoenzyme formation is contingent on a substantial change in Mediator conformation (Fig. 4b and Supplementary Video 3). In the holoenzyme, the structures of the head and middle modules remain constant (Extended Data Fig. 7a, b) , but their relative orientation is very different owing to considerable changes in the conformation of Med14. The lower portion of Med14 remains constant, probably due to extensive interactions with Med17 in the head module (Fig. 3b) . However, the unique structure of Med14 allows its top portion to move considerably, resulting in a large change in the position of the Med14 RM1 and KID domains (Fig. 4c and Extended Data Fig. 7c ). The structure of the Med14-middle interface remains unchanged (Extended Data Fig. 7d) , causing the position of the middle module to track changes in the position of the top half of Med14. Importantly, the extended Med17N and Med6C that interact with the top portion of Med14 move with it (Extended Data Fig. 7e ). This organization of module junctions in and around the knob provides an important illustration of the way in which the Mediator structure determines its conformational behaviour: changes in Mediator conformation observed upon holoenzyme formation are limited to what can be enabled by Med14 and accommodated by flexible inter-module linkers.
Repositioning of the middle module in the holoenzyme causes the hook to move by 50 Å, decreasing the distance between the neck of the head module and the knob of the middle module from 25 Å to 10 Å. At the opposite end of the middle module, the N-terminal portions of Med4 and Med9 move to contact the polymerase Rpb1 foot (Fig. 4d and Extended Data Fig. 7f) . Therefore, the rigidity of the middle module connects changes at two critical Mediator-RNAPII contacts (we have never observed a Mediator conformation in which the head-middle gap was closed and the Rpb1 contact open, or vice versa). Analogous changes in Mediator conformation take place upon formation of the S. cerevisiae holoenzyme (Extended Data Fig. 7g-i ), but were perhaps missed in other studies 16 owing to the lack of a higher resolution map of free ScMED.
A crucial implication of our holoenzyme structure is that narrowing of the gap between the knob and a conserved patch 14 on the neck of the head module creates a CTD-binding site. It was reported that deletion of Med7N, Med31 or of both Med7N and Med31 results in slow-growth phenotypes 11 . A possible connection between knob components and the CTD was also suggested by the observation that deletion of Med31 is synthetically lethal with a truncation of the CTD to only 11 heptad repeats 24 . On the basis of the crystal structure of a head-CTD peptide complex 13 , it was suggested 16, 22 that the CTD could bind between the head and the knob in the holoenzyme. However, the dependence on a Mediator rearrangement was overlooked, and the proposition could not be tested without determining the precise orientation of the Med7N-Med31 knob in the holoenzyme and the contribution of the knob to the CTD interaction. We found that deletion of Med31 (expected to disrupt the interaction of the CTD between the knob and the neck of the head) resulted in a considerable decrease in the Mediator-RNAPII interaction (Extended Data Fig. 8a ). Matching the X-ray structure of the S. cerevisiae Med7N-Med31 subcomplex to the corresponding portion of our holoenzyme structure, we identified conserved Med31 residues expected to be in close contact with the CTD (Extended Data Fig. 8b, c) and investigated the effect of mutating those residues. Three different point mutations targeting conserved residues in a short Med31 helix (or immediately adjacent to it) that our holoenzyme model predicts should contact the CTD (Extended Data Fig. 8b ) resulted in a decreased Mediator-RNAPII interaction (Extended Data Fig. 8d ). By contrast, mutation of two residues in a loop following the short helix, or mutation of a residue far removed from the CTD (Extended Data Fig. 8b ), had no effect on the Mediator-RNAPII interaction (Extended Data Fig. 8d) . None of the Med31 point mutations had an effect on knob stability (Extended Data Fig. 8e ).
Mediator initiation regulation mechanism
How Mediator can enhance basal transcription and facilitate CTD phosphorylation is explained by considering the holoenzyme-PIC interaction. A notable characteristic of PICs revealed by cryo-EM studies is high mobility of TFIIH, consistent with previous reports of high TFIIH flexibility 25 . Full engagement of TFIIH with TFIIE and promoter DNA is observed in only a fraction of PIC particles 17, 26 (Extended Data Fig. 9a) , and is facilitated by the presence of the TFIIK kinase responsible for CTD phosphorylation 26, 27 . Through 3D image clustering of a published S. cerevisiae PIC cryo-EM dataset 26 , we were able to identify a subset of PIC particles with well-ordered TFIIH, and in which previously undetected TFIIK density is immediately adjacent to the Rad3 TFIIH helicase (Extended Data Fig. 9b-d) . This TFIIK position is consistent with a reported Rad3-TFIIK interaction 25 and is observed in images of TFIIH particles preserved in stain (Extended Data Fig. 9e) .
Matching the holoenzyme and PIC-TFIIK cryo-EM maps by overlapping the unchanged RNAPII portions of both reveals a remarkable shape complementarity. The hook contacts the Rad3 helicase and TFIIK kinase (Extended Data Fig. 9f) . Consistent with this model, it has been reported that the CTD kinase activity of TFIIK is not enhanced by an otherwise intact Mediator lacking Med19 (ref. 28) .
Previous suggestions about the way in which Mediator could stabilize TFIIH conformation and exert an effect on basal transcription and CTD phosphorylation 16, 29 are bolstered by analysis of the holoenzyme structure and its anticipated interaction with a complete PIC (Fig. 5a ).
Comparing the Mediator and holoenzyme structures indicates that the Mediator-TFIIH interaction and PIC stabilization are entirely dependent on a rearrangement of the Mediator structure to its holoenzyme conformation. Further studies will be needed to determine whether interaction with Mediator could direct TFIIK to an alternative position on the opposite side of the hook, as observed in some TFIIH averages (Extended Data Fig. 9e ).
Conclusions
Near-atomic resolution cryo-EM maps of Mediator and holoenzyme reveal crucial details of their structures, as well as Mediator rearrangements essential for holoenzyme formation. A pliable Med14 subunit enables large-scale changes in Mediator conformation. Repositioning of the middle module upon holoenzyme formation links two polymerase contacts (Rpb1 foot and the CTD) and is expected to enable interactions with the Rad3 helicase and TFIIK kinase of TFIIH in the PIC. Conformational changes, and structural crosstalk that allows various Mediator-PIC contacts to reinforce one another, are probably essential for the ability of Mediator to control initiation and integrate regulatory signals. Conservation of the Mediator and PIC structures 8, 26, 29, 30 suggests that this should hold true across eukaryotes. We found two Mediator-RNAPII interaction modes. Variable RNAPII binding around the hook is consistent with an essential CTD requirement for Mediator interaction [31] [32] [33] and probably represents the initial Mediator-RNAPII contact mode. A transition to the holoenzyme Mediator conformation, perhaps facilitated by basal factors that enter the PIC early on, would enable the multiple Mediator-RNAPII contacts required for a stable Mediator-RNAPII interaction, facilitate TFIIE and TFIIH recruitment 34 , stabilize the PIC, and enhance CTD targeting by the TFIIK kinase 1 . Crosstalk between middle-RNAPII contacts could be important for the transition to elongation 33 . CTD phosphorylation would reverse binding at the CTD-binding gap and help to destabilize the Rpb1 contact, facilitating RNAPII release from the PIC (Fig. 5b) .
We expect that the ability to access different conformational states is essential for the Mediator mechanism. Factors involved in regulation of activated transcription are likely to act by exploiting further Mediator conformational changes, for example, through internal flexibility of the head or through tail rearrangements facilitated by the Med14 C-terminal domain.
Online Content Methods, along with any additional Extended Data display items and Source Data, are available in the online version of the paper; references unique to these sections appear only in the online paper. 
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MethODS
No statistical methods were used to predetermine sample size. The experiments were not randomized, and investigators were not blinded to allocation during experiments and outcome assessment. S. pombe strains. The gene manipulations necessary to generate fission yeast strains required for mass spectrometry and EM analyses were carried out using standard protocols. A PCR-based genomic epitope-tagging method was used to construct subunit deletion strains. The strains used in this study, all derived from the standard 972h-S. pombe strain, are listed in Extended Data Table 1a . Strains used for MudPIT analysis were C-terminally Flag-tagged on Med4, Med7, Med2(SPCC4F11.03c), or Med15 by replacing the stop codons of each gene with sequences encoding 3× Flag followed by a stop codon and the NatMX6 marker as described 35 . Strains used for EM studies were derived from a med7-TAP-med13Δ strain (CG27, med7+ ::TAP-kanMX6 med13::kanMX4; ref. 36) . Deletion of Med13 prevented interaction of core Mediator with the dissociable CDK8 module, which would have interfered with EM imaging. For subunit localization, Med2 or Med27 were deleted from the CG27 strain by replacing the coding region of the appropriate gene with the NatMX6 marker. Mass spectrometry. S. pombe Mediator preparations used for MudPIT mass spectrometry were purified by anti-Flag immunopurification from 972 h-derivatives expressing Flag-tagged Mediator subunits. Flag-immunopurified proteins were treated with benzonase, TCA precipitated, denatured, reduced and alkylated, digested with endoproteinase Lys-C and trypsin, and analysed by MudPIT mass spectrometry as described 37, 38 . 972 h-cells or 972 h-derivatives expressing Flagtagged Mediator subunits were grown at 32 °C in rich medium (YES) supplemented with adenine, histidine, leucine and uracil (225 μ g ml
−1
). Cells were harvested at mid-log phase, washed in cold H 2 O, and washed in buffer containing 50 mM Tris-HCl (pH 7.5), 150 mM NaCl, 0.1% NP40, and 10% glycerol with protease inhibitor cocktail (Sigma P8849). Cells were pulverized in liquid nitrogen using a mortar and pestle and then re-suspended in the same buffer. Whole-cell lysates were centrifuged at 35,000g to remove cell debris. Supernatants were incubated overnight at 4 °C with anti-Flag agarose beads (Sigma, 500 μ l beads per 10 8 starting cells) that had been pre-equilibrated in 50 mM Tris-HCl (pH 7.5), 150 mM NaCl, 0.1% NP40, and 10% glycerol with protease inhibitor cocktail. Beads were washed four times with approximately 10 bead volumes of buffer containing 50 mM TrisHCl (pH 7.5), 300 mM NaCl, and 0.1% NP40, and bound proteins were eluted using 0.2 mg/ml 3× Flag peptide (Sigma) in 50 mM Tris-HCl, 300 mM NaCl, and 0.1% NP40. Flag-immunopurified proteins were treated with benzonase and TCA precipitated before analysis by multidimensional protein identification technology (MudPIT), as described previously.
SpMED proteins were identified using a modification of the MudPIT procedure 38 . TCA-precipitated proteins were urea-denatured, reduced, alkylated and digested with endoproteinase Lys-C (Roche) followed by modified trypsin (Roche) as described 37 . Peptide mixtures were loaded onto 100-μ m fused silica microcapillary columns packed with 5-μ m C 18 reverse phase (Aqua, Phenomenex), strong cation exchange particles (Partisphere SCX, Whatman), and reverse phase 38 . Loaded microcapillary columns were placed in-line with an LCQ or LTQ ion trap mass spectrometer equipped with a nano-LC electrospray ionization source (ThermoFinnigan). Fully automated MudPIT runs were carried out on the electrosprayed peptides 38 . Tandem mass (MS/MS) spectra were interpreted using SEQUEST 39 against a database of a database of S. pombe proteins (downloaded from NCBI on 23 January 2012), and complemented with 177 sequences from usual contaminants (human keratins, IgGs, proteolytic enzymes). To estimate false positive discovery rates, each sequence was randomized keeping amino acid composition and length the same, and the resulting 'shuffled' sequences were added to the 'normal' database (doubling its size) and searched at the same time.
Peptide/spectrum matches were sorted and selected using DTASelect 40 with the following criteria set: spectra/peptide matches were only retained if they had a DeltaCn of at least 0.08, and minimum XCorr of 1.8 for singly, 2.0 for doubly, and 3.0 for triply charged spectra. In addition, peptides had to be fully tryptic and at least 7 amino acids long. Combining all runs, proteins had to be detected by at least 2 such peptides or by 1 peptide with 2 independent spectra. Under these criteria, the overall false discovery rate was less than 0.2%. Peptide hits from multiple runs were compared using CONTRAST 40 . To estimate relative protein levels, distributed normalized spectral abundance factors (dNSAFs) were calculated for each detected protein [41] [42] [43] [44] . S. pombe Mediator purification for EM studies. Mediator used for EM studies was purified essentially as described before 9 . To purify SpMED for EM studies, each TAP-tagged fission yeast strain was grown at 31 °C to an OD 600 nm of approximately 3 in 2× YPD media. After harvesting by low-speed centrifugation, cells were washed with double-deionized water and frozen in liquid nitrogen. Frozen cells were broken by blending with dry-ice under liquid nitrogen. Whole-cell extract was prepared as previously described 45 starting from 100 g of broken cell powder. The whole-cell extract was precipitated in 55% ammonium sulfate and, after spinning down, the pellet was resuspended using buffer A (20 mM HEPES, pH 7.4, 300 mM potassium acetate, 0.5 mM EDTA, 10% glycerol, 0.05% NP-40, 5 mM β -mercaptoethanol, and protease inhibitors). After the suspension was clarified by centrifugation, the supernatant was incubated for 2 h at 4 °C with 0.5 ml of IgG-sepharose resin beads (GE Healthcare). After incubation, the beads were washed with buffer A (including a dose of fresh protease inhibitors) and then with buffer A including 1 mM DTT. 100 units of AcTEV protease (Invitrogen) were added to the beads and they were incubated with the protease overnight at 4 °C. SpMED was then eluted with three column volumes of buffer A including 1 mM DTT. For the next purification step, the IgG eluate fractions were diluted fivefold with buffer B (20 mM HEPES, pH 7.4, 300 mM potassium acetate, 10% glycerol, 0.05% NP-40, 5 mM β -ME, 1 mM imidazole, 1 mM MgCl 2 ) containing 1.5 mM CaCl 2 and incubated with 200 μ l of calmodulin affinity resin (STRATAGENE) for 2 h at 4 °C. The resin beads were washed with 10 ml of buffer B including 1.5 mM CaCl 2 . The purified SpMED complex was eluted with buffer B containing 5 mM EGTA at room temperature and flash-frozen in liquid nitrogen. SpMED subunit localization experiments. Stained specimens of Δ Med2 and Δ Med27 SpMED (10-25 μ g ml −1 , in a buffer containing 20 mM HEPES buffer (pH 7.4), 100 mM potassium acetate, 3 mM β -mercaptoethanol, 2% glycerol, and 0.01% NP-40) were preserved with 0.75% (w/v) uranyl formate. Images of stained specimens were recorded at a magnification of 52,000× on a 4,096 × 4,096 CMOS detector (Tietz, Inc.) using a Tecnai Spirit electron microscope (FEI) equipped with an LaB6 filament and operating at an acceleration voltage of 120 kV. Images were automatically acquired with Leginon 46 . Particle picking was carried out using the DoG Picker program included in Appion 47 . Twofold pixel binning of the stained particle images resulted in a final pixel size of 4.1 Å. Image alignment and classification were carried out using the Iterative Stable Alignment and Clustering (ISAC) program implemented in the SPARX software package 48 .
Cryo-EM data collection and image analysis.
For preparation of cryo-EM samples, 3 μ l of Δ Med13 SpMED (1 mg ml −1 , in a buffer containing 20 mM HEPES buffer (pH 7.4), 200 mM potassium acetate, 5 mM β -mercaptoethanol, and 0.01% NP-40) were applied to plasma-cleaned 400 mesh C-flat carbon grids with 2.0 μ m holes (EM Sciences) using a Solarus plasma cleaner (Gatan), incubated on the grid for 30 s at 4 °C, and then manually blotted and vitrified in liquid ethane 49 . Images were automatically acquired with Leginon 46 and recorded on a K2 Summit direct electron detector (Gatan, Inc.) operating in counting mode, using a Titan Krios electron microscope (FEI) operating at a 300 kV accelerating voltage. Images were recorded at 1.0-4.0 μ m underfocus values and a magnification of 22,500× , which resulted on a pixel size of 1.31 Å. Total electron dose for each image was approximately 40 electrons per Å 2 over a 7 s exposure time, fractionated into 35 frames. Dose-fractioned frames were aligned 50 and contrast transfer function parameters for each image were determined using the programs CTFFIND3 51 . Particle picking was carried out using template-based picking as described for stained specimens, except that a larger (approximately 10,000) initial image set was used to generate separate template image sets for Mediator, holoenzyme and RNAPII. An initial SpMED 3D map was obtained using as reference an ScMED cryo-EM map 8 low-pass filtered to 60 Å and masked to hide the tail module. The image analysis procedure included repeated rounds of 2D clustering and 3D classification to eliminate non-particle images, separate images into free Mediator, free RNAPII, Mediator-RNAPII holoenzyme (multiple Mediator-RNAPII contacts), and Mediator with RNAPII loosely bound near the hook. Further 3D classification was used to select subsets of Mediator, free RNAPII and holoenzyme images that would result in the highest-resolution cryo-EM maps (Extended Data Fig. 2a ). For example, for SpMED, a total of 235,337 automatically selected cryo-images were screened using multi-variate statistical analysis and multi-reference analysis tools implemented in Appion 47 . After particle screening a final stack with 96,374 SpMED images was separated into 4 classes using 3D classification with Relion 52 . Two of those classes were merged to obtain a set of 67,462 images that were again screened by 2D clustering to obtain a final set of 42,484 SpMED images (70% of the initial 96,000 Mediator images identified by sorting) that were run through 3D refinement and movie processing in Relion to obtain the final 4.4 Å resolution SpMED cryo-EM map using a mask that blocked out the flexible hook, tail, and Med1 (Extended Data Fig. 2f) . A similar procedure identified a set of 11,433 RNAPII images (57% of the initial 19,000 polymerase images identified by sorting) used to calculate a map at 4.3 Å resolution (not shown). Classification of holoenzyme images followed by calculation of 3D maps shows that the orientation of RNAPII in the holoenzyme is always the same, but that there are slight variations in overall conformation of the holoenzyme that limit the resolution of the cryo-EM maps (Extended Data Fig. 2b) . The most homogeneous subset of holoenzyme images included 3,862 holoenzyme images (35% of the initial 11,000 holoenzyme images identified by sorting) that resulted in a map at 7.8 Å resolution. All resolutions reported here correspond to gold-standard Fourier shell correlation (FSC) values using the 0.143 criterion 53 . Owing to variability in the position of RNAPII loosely associated with the hook, we calculated 2D class averages but did not try to obtain a 3D map. SpMED and holoenzyme modelling and refinement. To build the Mediator atomic model, we started by rigid-body fitting the crystal structure of the S. pombe head module 14 (PDB code 4H63) and a model of the middle module 54 into the SpMED cryo-EM map using Chimera 55 . For regions of the Mediator map for which neither a structure nor a model were available, we built the model ab initio based on the density map and results from secondary structure prediction. To build the holoenzyme model, we started by fitting the crystal structure of S. pombe RNAPII 56 (PDB code 3H0G) and our Mediator atomic model into holoenzyme cryo-EM map using Chimera 55 . The head and middle portions of the Mediator atomic model could be fitted into the holoenzyme map without modification, by simply adjusting their relative orientation. The Med14 portion of the Mediator model could not be fitted directly into the holoenzyme map, but had to be rearranged to account for changes in Med14 structure upon holoenzyme formation. Rigidbody fitting of S. pombe RNAPII crystal structure results in a slight crash between Rpb4 (residues 127-135) and Med17 (residues 138-142). Therefore, the position of Rpb4/Rpb7 was rotated slightly (~ 10°) to fit into the holoenzyme map. Model adjustments were done using Coot 57 . Refinement of the Mediator and holoenzyme models against the respective cryo-EM maps was done by using the real space refinement function implemented in Phenix 58 . Final models were validated using MOLPROBITY 59 (Extended Data Table 1b ). Functional validation of Mediator-RNAPII contacts in the S. cerevisiae holoenzyme. Budding yeast strains in which Med31 was deleted, or carrying Med31 point mutations, were prepared to test the functional importance of Mediator-RNAPII contacts in the holoenzyme. Med31 point mutant strains were obtained by using a one-step gene replacement method 60 to introduce point mutations in the Med31 allele of a Med22-TAP tagged strain. In brief, Med31 was C-terminally Flag-tagged by replacing the stop codon with sequences encoding 5× Flag and the KanMX6 marker. Overlapping PCR fragments bearing Med31 with targeted point mutations and the KanMX6 selection marker were transformed into the Med22-TAP tagged strain. Colonies carrying the mutations were confirmed by DNA sequencing. The resulting strains, all derived from strain BJ2168, are listed in Extended Data Table 1a . S. cerevisiae Mediator purification. Wild-type, Δ Med31 and Med31 point mutant Mediator complexes were immunopurified from cell extracts prepared from the corresponding yeast strains through the TAP-tag on Med22 using IgG Sepharose6 and calmodulin resins as described previously 8 . In brief, the total protein concentrations of supernatant recovered from an ammonium sulfate precipitation pellet obtained from 4 l of yeast culture was estimated using the Bradford protein assay (Bio-Rad) and supernatant containing 600 mg protein was incubated with 80 μ l of IgG Sepharose 6 resin for 3 h at 4 °C. The beads were collected by centrifugation at 150g and then washed a total of six times by rotating for 4 min with 5 ml of washing buffer (20 mM HEPES-KOH, pH 7.6, 0.3 M potassium acetate, 10% glycerol, 0.5 mM EDTA, 0.05% NP-40, 3 mM β -mercaptoethanol; the first three times with protease inhibitors and the last three times without protease inhibitors) and collected again by centrifugation. After washing, the beads were incubated on a rotating mixer with 400 μ l of buffer (20 mM HEPES-KOH, pH 7.6, 0.3 M potassium acetate, 10% glycerol, 0.5 mM EDTA, 0.05% NP-40, 1 mM β -mercaptoethanol, and 1.5 mM DTT) containing AcTEV protease (20U, ThermoFisher Scientific) at 4 °C for 16 h. The beads were separated by centrifugation from eluted Mediator in the supernatant. The IgG elute proteins were diluted threefold with buffer C (20 mM HEPES, pH 7.4, 300 mM potassium acetate, 10% glycerol, 0.05% NP-40, 5 mM β -mercaptoethanol, 1 mM imidazole, 1 mM MgCl 2 ) containing 1.5 mM CaCl 2 , and incubated with 20 μ l of calmodulin affinity resin (STRATAGENE) for 1 h at 4 °C. The resin beads were washed a total of three times with 1.5 ml of buffer C including 1.5 mM CaCl 2 . The purified complex was eluted with buffer C containing 5mM EGTA. Purified Mediator complexes were resolved in 4-20% gradient SDS-PAGE WedgeWell gels (Thermo Fisher Scientific), along with supernatant recovered from ammonium sulphate precipitation pellets used for normalization, and then transferred onto Pre-Cut Nitrocellulose or PVDF membranes (Thermo Fisher Scientific). Mediator and RNAPII bands were identified by western blotting using 8WG16 (ab817) (AbCam), anti-Med2 (sc-28058) (Santa Cruz Biotechnology), anti-Flag M2 (F1804) (Sigma-Aldrich), anti-CBP (sc-33000) (Santa Cruz Biotechnology), horseradish peroxidase anti-peroxidase (PAP) (P1291) (Sigma-Aldrich) and HRP-conjugated anti-goat IgG (sc-2768) (Santa Cruz Biotechnology). Protein signals were visualized either by chemiluminescent detection using SuperSignal West Pico or Femto Substrates (ThermoFisher Scientific). Data availability. Cryo-EM maps and atomic coordinates have been deposited in the Electron Microscopy Data Bank (EMDB) with accession codes 8479 and 8480, and the Protein Data Dank (PDB) with accession codes 5U0P and 5U0S. The original MudPIT data (raw files, peak files, search files, as well as DTASelect result files, and protein sequences fasta file) can be accessed from the Stowers Original Data Repository at: http://www.stowers.org/research/publications/libpb-1070. All other data are available from the corresponding author upon reasonable request
